ABSTRACT Ultra diffuse galaxies (UDGs) have the sizes of giants but the luminosities of dwarfs. A key to understanding their origins comes from their total masses, but their low surface brightnesses (µ(V ) ≥ 25.0) generally prohibit dynamical studies. Here we report the first such measurements for a UDG (VCC 1287 in the Virgo cluster), based on its globular cluster system dynamics and size. From 7 GCs we measure a mean systemic velocity v sys = 1071 +14 −15 km/s, thereby confirming a Virgo-cluster association. We measure a velocity dispersion of 33 +16 −10 km/s within 8.1 kpc, corresponding to an enclosed mass of (4.5 ± 2.8) × 10 9 M and a g-band mass-to-light ratio of (M/L) g = 106
INTRODUCTION
Deep imaging surveys of the Fornax (Muñoz et al. 2015) , Virgo (Ferrarese et al. 2012; Mihos et al. 2015) , Coma (van Dokkum et al. 2015a ) and the Pisces-Perseus supercluster (Mártinez-Delgado et al. 2016 ) are revealing substantial populations of faint systems that were hidden from shallower surveys. Perhaps most startling have been the results in Coma. van Dokkum et al. (2015a) identified 47 "ultra diffuse galaxies" (UDGs) consisting of seemingly quiescent stellar populations with characteristic luminosities, sizes, and central surface brightnesses (SB) of L g ∼ 0.1 − 2.5 × 10 8 L , R e ∼ 1.5 − 4.6 kpc, and µ g ∼ 25 mag arcsec −2 . That is, these are galaxies with sizes similar to that of the Milky Way (∼ 2.15 kpc scalelength, or ∼ 3.6 kpc R e ; Bovy et al. 2013 ), but stellar luminosities more akin to dwarfs. Koda et al. (2015) identified a further ∼ 1000 UDGs in Coma from deep Subaru imaging. The inference is that these galaxies may be only the tip of the iceberg of ultra-faint stellar systems in clusters.
There are several possible formation pathways for UDGs. They may be descendents of "normal" galaxies that have been altered within the cluster tidal field (Gnedin 2003) . Alternatively, they may be "tidal dwarfs", systems that were formed during galaxy interactions and then lost to the cluster potential to exist in a transient, free-floating phase (Bournaud et al. 2007) . A third possibility is that they are ancient, remnant systems, perhaps either a species of "peculiar dwarf" or "failed giant," depending upon their total masses. This last category could explain the survival of UDGs in cluster environments, but would also imply that they are among the most dark-matter (DM) dominated galaxies in the universe, with mass-to-light ratios of > 50 within only 2 R e (van Dokkum et al. 2015b) .
Determining total masses for UDGs is clearly a priority for understanding their formation and evolutionary pathways. Unfortunately, due to their low surface brightnesses, obtaining galaxy integrated spectra of sufficient SNR for robust stellar velocity dispersions is extremely challenging with current instrumentation.
Taking a different approach, in this Letter we have obtained the first mass measurements of a UDG, via the dynamics and statistical properties of its globular cluster (GC) system.
2. DATA 2.1. Galaxy and globular cluster photometry We identified UDG candidates in Virgo using deep images taken with a 10-cm apocromatic refractor and archival CFHT/MegaCam imaging. In particular, we selected one galaxy, VCC 1287, with all the characteristics of a UDG (Figures 1 and 2 ). We analyzed its photometry from 1 deg 2 MegaCam images in five bands (u, g, r, i, z) , from the Canadian Astronomy Data Center. All images had been reduced and calibrated using the Megapipe image stacking pipeline (Gwyn 2008) .
The galaxy light was modeled using the software MegaMorph/GALFITM (Vilka et al. 2008) , which performs simultaneous multi-band 2D fitting. All five MegaCam bands were first rebinned to 0.364 arcsec pix −1 and then fitted using a single Sérsic function. Magnitudes and R e were allowed to vary in different bands as a linear function of wavelength, whereas the Sérsic index n, the minor-to-major axis ratio b/a, and the position angle P A were constant in all images. From GALFITM, we obtained n = 0.8, b/a = 0.8, and P A = 36
• . We adopt a Virgo-cluster distance modulus of m−M = 31.1 (Mei et al. 2007 ). We measure a mean, circularised R e across five photometric bands of R e = 30.2 ± 1.8 (2.4 ± 0.1 kpc), and obtain a mean SB of µ(g, 0) = 26.7 mag arcsec −2 , (g − i) 0 = 0.83 and M g = −13.3. By comparison, the UDGs identified by van Dokkum et al. (2015a) have R e = 1.5 − 4.6 kpc, µ(g, 0) ∼ 25 mag arcsec −2 , (g − i) 0 ∼ 0.8 and M g ∼ −14 (Figure 2 ). VCC 1287 has already been identified as a faint, extended system by Binggeli et al. (1985) in the Virgo Cluster Catalog (VCC), although no redshift has been published. Indeed, Binggeli et al. (1985) classified VCC 1287 as a dwarf irregular galaxy ".. of very large size and low surface brightness."
GCs were identified exploiting all five MegaCam bands. A catalog of sources was extracted using SExtractor (Bertin 1996) . Only objects detected in all five bands were considered, selecting point-sources by imposing the i-band class star parameter of SExtractor to be > 0.5. This removes most extended objects from the catalog, owing to the excellent (0. 6) seeing of the images. We selected as GC candidates all point-sources within the color ranges: 0.6 < (g − z) < 1.2, 1.1 < (u − g) < 1.8, 0.7 < (g − i) < 1.0. We selected a fairly narrow color range in order to minimize contamination from background sources (in particular red background galaxies). However, these colour ranges are consistent with the distributions seen in other studies of Virgo dwarf galaxies (e.g., Beasley et al. 2006; Peng et al. 2006) . In order to exclude ultra-compact galaxies, we also imposed a magnitude cut, i > 19.5 mag, equivalent to the magnitude of the Milky Way GC ω Cen at the distance of Virgo.
To determine the total number of GCs in VCC 1287, we constructed the surface density profile of the GC system and found it to extend to ∼ 175 (∼ 13 kpc), beyond which is a constant background with 0.2 objects per arcmin 2 . Next, all point-sources within 175 of the galaxy center and satisfying our selection criteria were flagged as GCs -returning 18 candidates. Star and galaxy contamination was calculated by random placement of 1000 circles with 175 radii in the 1 deg 2 field surrounding VCC 1287. We found a mean of 6 objects expected within such a circle, with a standard deviation of 2.5 counts using our selection criteria, with no sky apertures with ≥ 18 objects. The identification of 18 GC candidates represents an overdensity with respect to the background level at ∼ 5−σ significance. Subtracting this contamination rate, left 11 GC candidates down to the GC turn-over-magnitude (i = 23.1, using I-band values of Kundu & Whitmore (2001) , and an i-band transformation from Faifer et al. (2011) . Assuming that the GC luminosity function is bellshaped Harris et al. (2000) , we doubled their number to obtain a total GC population of 22 ± 8 GCs, where the uncertainties come from the quadrature sum of the poisson uncertainties and the background contribution.
This may not sound remarkable, but when normalized to the host galaxy magnitude using the "specific frequency" (S N ; Harris & van den Bergh 1981), we find VCC 1287 has S N = 80 ± 29. This is a significant overabundance of GCs for VCC 1287's stellar luminosity ( Figure 4 ).
2.2. Globular cluster spectroscopy GC candidates were selected for multi-object spectroscopy with the OSIRIS instrument on the Gran Telescopio de Canarias (GTC) in La Palma. We observed this spectroscopic mask of VCC 1287 centered on coordinates RA (J2000) We placed slits (slitlength typically 10 , slitwidth 1. 2) on 8 good candidates and the rest on lower priority objects. The mask was observed for 4 hours in ∼0. 8 seeing and clear conditions. We used a 2500I grating centered on the NIR calcium-triplet (CaT) region. To optimise sky subtraction, we nodded the objects along the slit in an A-B pattern.
Data were reduced with IRAF. Individual 2-D spectra were cut from the CCD frame, bias-subtracted, and divided by dome flat-fields. Corresponding HgCdArXe arcs were cut out and a 2-D wavelength calibration and distortion map produced. Typical residuals were ∼0.05Å. Difference spectra were produced by subtracting the observed spectra in an A-B, B-A pattern. These spectra were then wavelength calibrated, rectified in 2-D, extracted, and combined as 1-D spectra for analysis. The SNR of the spectra ranges from 7 to 25Å −1 The spectral resolution is ∼ 5.5Å (FWHM). Examples of the GC CaT spectra are shown in Fig 3. Velocities were measured via fourier cross-correlation against a wide-range of model templates (Vazdekis et al. 2003) , using FXCOR in IRAF. For robust velocities we required a relative cross-correlation peak-height > 3, and that at least two of the three CaT lines were visible in our spectra ). We estimated velocity uncertainties using Monte Carlo simulations. We degraded high-SNR CaT models to the resolution and the range of SNR of our spectra and also mimicked skysubtraction residuals by adding cosmic rays to the spectra with FWHM corresponding to that of our spectral resolution. We generated 50 such spectra per SNR bin with a random seed and measured velocities with FX-COR. We took the standard deviation on the mean of these velocities as the typical velocity uncertainty for that SNR. For our spectroscopic sample, we obtain velocity uncertainties are ∼20 km s −1 . We identify 7 objects with heliocentric velocities consistent with the Virgo cluster (cz = 1079 km s −1 ). For these objects, we measure a systemic velocity v sys = 1071 +14 −15 km/s, from a maximum likelihood estimator (Hargreaves et al. 1994) . 6/7 objects are GCs associated with VCC 1287 (Table 1) . We identify "N17" as the nucleus of the galaxy, being both centrally located and having a velocity (1066 ± 20 km/s) close to the systemic velocity. We calculate the maximum-likelihood line-ofsight velocity dispersion σ los of the GCs by excluding the nucleus, σ los = 33 +16 −10 km/s within 8.1 kpc (the galactocentric radius of the outermost GC). Alternatively, if we include the nucleus we obtain v sys = 1071 +14 −15 km/s, σ los = 31 +13 −9 km/s. Here, we assume that our measurement errors and the intrinsic system velocities have gaussian distributions. The above uncertainties in the systemic velocity and velocity dispersion are equivalent to those from the marginalized probability distributions.
By comparison, the E + S0 galaxies in the Virgo cluster have σ los ∼ 590 km s −1 , while dwarfs (dEs + dS0s) have σ los ∼ 649 km s −1 (Binggeli et al. 1985) . Therefore, these GCs are not associated with the cluster potential, but rather belong to VCC 1287.
DYNAMICAL MASSES
We use two approaches to estimate the gravitating mass of VCC 1287, under the assumption that the GCs are in dynamical equilibrium. One is to assume that the velocity dispersion of the GCs is representative of the stars, allowing us to measure the mass of the system at the half-light radius of the galaxy. Specifically, we determine the "half-mass", M 1/2 , at one galaxy-light R e (Wolf et al. 2010) :
This gives a mass of 2.6 +3.4 −1.3 × 10 9 M within 2.4 kpc. With M g = −13.3, we calculate L g = 2.3 × 10 7 L , yielding a mass-to-light ratio in the g-band, (M/L) g = 106
+126
−54 within 1 R e . The second approach is to determine the mass within the radius of the outermost GC. We use the "tracer mass estimator" (TME; Watkins et al. 2010) , which requires as input the velocities of the tracers (v los ), the projected galactocentric radius (r) of the GCs to the outermost datum (r out ), the slope of the gravitational potential (α), the GC orbital (an)isotropy (β) and the power-law slope of the GC density profile (γ):
where
and
with Γ(x) being the gamma function.
Here we assume an isothermal potential (α = 0). DMonly numerical simulations suggest an inner mass distribution with α 0.5, whereas simulations that include baryons suggest α 1.0 . Varying α based on these results changes the dynamical mass by a few percent. We assume isotropic orbits (β = 0). The assumption of isotropy in the presence of radial (β = 0.5) and tangential (β = −3.0) orbits causes mass over-and under-estimates, respectively, of ∼ 10%. These uncertainties are smaller than the statistical uncertainties arising from the number of GC velocities measured.
We construct a surface density profile for the GC candidates identified from imaging (with 6 confirmed spectroscopically, excluding the nucleus). Fitting a powerlaw (N (r) ∝ r −γ ) to this profile in the radial range 0.5 ≤ r/R e ≤ 3.6 gives γ = 1.2 ± 0.4 8 . We also created a higher-SNR stacked density profile from 19 dwarf elliptical (dE) galaxies in the ACS Virgo Cluster Survey (Côté et al. 2004) selected to have independent distance measurements (Mei et al. 2007) . Each profile was normalised by the respective galaxy's R e before stacking.
A power-law fit to this profile gives γ = 1.5 ± 0.1. Adopting this value in equation 2 yields M TME = (4.5 ± 2.8) × 10 9 M within 8.1 kpc. The mass from the TME yields (M/L) g = 195 ± 121 within 8.1 kpc. Note that the uncertainty in the slope of the surface density profile has a relatively small affect on the inferred masses. For example, using γ = 1.2 rather than γ = 1.5 in equation 2 reduces the calculated mass by ∼ 10%.
The above results indicate that both within 1 R e , and within 8.1 kpc, VCC 1287 has substantial DM. Using the relations of (Zibetti et al. 2009 ), assuming a Kroupa initial mass function, we calculate a stellar mass, M star = (2.8±0.4)×10 7 M . Therefore, within 1 R e the DM fraction in VCC 1287 is ∼ 99%. Massive elliptical galaxies and Virgo dEs typically have DM fractions of < 40% within 1 R e (Cappellari et al. 2006; Ryś et al. 2014; Tortora et al. 2016) . Only the faintest dwarf systems in the Local Group are known to have a similar or higher DM fractions (e.g., Wolf et al. 2010; McConnachie et al. 2012) 
THE VIRIAL MASS
Determination of the total (virial) mass of the DM halo gives insight into whether we are dealing with a 8 We measured the surface density profile, which goes into the TME prefactor as a volume density profile, i.e. γ + 1 in equation 3. dwarf or giant galaxy. Since we cannot dynamically measure any mass beyond the radius of the outermost GC (Newton's theorem), we rely on numerical simulations to infer the halo mass of VCC 1287 using our observations as constraints. We use the EAGLE simulations McAlpine et al. 2015; Schaye et al. 2015) to determine the virial mass of the galaxy by comparing our mass measurements to cumulative mass profiles of the simulations (Figure 4) . The EAGLE simulations include both DM and baryons, and therefore should give a realistic representation of inner mass distributions of halos within the DM paradigm. Using this approach we obtain M 200 = (8 ± 4) × 10 10 M , from averaging the two mass measurements obtained from Figure 4 . Here, M 200 is the virial mass at the radius where the density is 200 times the critical density of the universe. This halo mass is similar to that reported for the Large Magellanic Cloud (van der Marel & Kallivayalil 2014).
To check this approach, we also ran spherically symmetric, isotropic Jeans-mass models using DM-only mass distributions and obtained M 200 = 5.5 +24 −4 × 10 10 M , in good agreement with our estimates from the EAGLE simulations.
Inferring virial masses is model-dependent, so we sought an additional, independent check of our mass determinations. Harris et al. (2013) obtained the remarkable result that the ratio of the total mass in GCs in a galaxy (M GCS ) to the galaxy halo mass (M halo ) is constant over ∼ 6 decades in galaxy luminosity, specifically, M GCS /M halo = 6 × 10 −5 . In other words, the virial mass of a galaxy can be determined by totalling the mass in its GC system. We have already seen that VCC 1287 possesses a very large number of GCs for its stellar luminosity (Figure 4) . Using the relation of Harris et al. (2013) , with 22 ± 8 GCs, we obtain M halo (GCs) = (7.3 ± 2.7) × 10 10 M . This halo mass is in excellent agreement with our dynamical inference.
DISCUSSION
Much work in recent years has focused on the efficiency of star formation in DM halos of a given mass (e.g., Behroozi et al. 2013; Moster et al. 2013; Brook & Di Cintio 2015; Tollet et al. 2015) . One way to quantify this is using the M star − M halo relation. This relation is shown in Figure 5 for our dynamically-based M 200 and for the counting GC-based M halo for VCC 1287 and selected galaxies. Figure 5 shows that VCC 1287 is an outlier independent of the method used to determine M halo . Its location with respect to "normal" galaxies suggests that its stellar mass is very low for its halo mass. In this context, VCC 1287 would need to have a stellar mass a factor of ∼ 100 larger (∼ 5 magnitudes brighter) in order to be centred in these relations. We measure a stellar fraction (M star /M halo ) of ∼ 3.5×10 −4 , whereas "normal" galaxies at this halo mass have M star /M halo ∼ 1 × 10 −2 . A halo-to-stellar mass ratio of ∼ 3000 is unprecedented for any galaxy besides a dwarf spheroidal. It suggests that galaxy formation is highly stochastic for halo masses of ∼ 10 10 -10 11 M , with stellar masses varying by factors of 100 or more at fixed halo mass. This idea has been suggested as a solution to the problem of missing massive Milky Way satellites -the so-called "too big to GC specific frequency of VCC 1287 compared to nearby galaxies (Harris et al. 2013) . VCC 1287 is a clear outlier with a very large number of GCs for its luminosity. Right panel: Mass of VCC 1287, Local Group dwarf galaxies (McConnachie et al. 2012) and Virgo dEs (Geha et al. 2003) compared to the cumulative mass profiles from EAGLE simulations . The measurements for VCC 1287 are not independent (see text). The long-dashed curves indicate the convergence radius for that halo mass. Short-dashed curves connect inner and outer mass measurements obtained for two Virgo dEs obtained from the stars and GC systems, respectively (Beasley et al. 2009 ). The dotted curve shows the cumulative stellar mass profile for VCC 1287 from our surface photometry.
fail" problem (Boylan-Kolchin et al. 2011) . However, the stochastic solution has been generally rejected as implausible, with extreme stochasticity in simulations expected to set in at much lower masses (Brook & Di Cintio 2015; Sawala et al. 2015; Wheeler et al. 2015) . The results for VCC 1287 raise the possibility that there are unidentified massive galaxies lurking at still lower surface brightnesses, and that these DM halos are not too big to fail.
Key questions are what is the formation history of this system, and is this typical of all UDGs? We reject the idea that VCC 1287 is a tidal-dwarf system, as these are expected to have total DM fractions of less than 10% (Bournaud et al. 2007) .
We cannot presently rule out that this is a tidally stripped system, but this interpretation is not favored by us. We see no obvious tidal features in our imaging. In addition, simulations suggest that in order to affect the stars and GCs, more than 90% of the DM must first be removed, and that the more spatially extended GC system is affected before the stars (Smith et al. 2015) . We have shown that VCC 1287 has an unusually rich system of GCs for its stellar mass, so any tidal mechanisms must preferentially remove stars over GCs. However, obtaining deeper imaging of this system in order to look for low surface brightness tidal features would be very useful.
In a general sense this may be a "quenched" system (Boselli et al. 2014) : perhaps a massive dwarf galaxy that had its star formation halted early due to gas starvation as it fell into the Virgo cluster, and was therefore unable to grow in stellar mass as it has in DM. Assuming old (∼ 10 Gyr) stars in VCC 1287, then the galaxy colors suggest low metallicities, [Fe/H]∼ −1.5 (Vazdekis et al. 2010) . Such low metallicity is expected in massmetallicity relations (e.g., Caldwell 2006) , and could be consistent with the early quenching of a dwarf-mass system. However, we note that the galaxy might have a younger luminosity-weighted age, which we cannot rule out with our present photometry.
To address the question of whether VCC 1287 is typical of UDGs, total masses for more UDGs must be obtained. Determining stellar velocity dispersions for these faint systems is expensive (or impossible) for 10m-class telescopes. Here we have demonstrated a more inexpensive route through the kinematics of GC systems, at least for UDGs out to Virgo cluster distances.
However, we suggest the most efficient approach comes from simply counting up the number of GCs in UDGs. We find excellent agreement between the halo masses inferred from dynamics and from counting GCs for VCC 1287, and this approach offers an inexpensive route to obtaining virial masses for UDG systems out to Coma distances (see also Mihos et al. 2015) . For example, based on the calibrations of Harris et al. (2013) , for "dwarfmass" halos (M halo ≈ 10 10 M ) we would expect ∼5 GCs in a UDG. For a quenched Milky-Way-like galaxy (M halo ≈ 10 12 M ) we would expect ∼ 200 GCs. Relatively shallow HST imaging (or deeper, multiband ground-based imaging) of these systems will allow for estimates of the total GC populations of UDGs, hence M halo , and ultimately a better understanding of these galaxies.
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